ABSTRACT Probiotics can improve broiler performance and reduce pathogens. Because the hatchery can be a source of contamination, delivering probiotics to the embryo before hatch is desirable. To date, probiotics have primarily been injected into eggs manually. Therefore, the objective of this study was to deliver various probiotic bacteria into broiler hatching eggs using an automated commercial in ovo injection system to evaluate hatchability of fertile eggs (HF). Three separate experiments were conducted using Lactobacillus acidophilus, Bacillus subtilis, or Bifidobacterium animalis. In each experiment, 7 treatments (non-injected control; dry punch control; diluentinjected control; and injections of 10 3 cfu, 10 4 cfu, 10 5 cfu, or 10 6 cfu of bacteria/50 μL of diluent) were evaluated using 10 replicates per treatment. For each experiment, 2,490 eggs were obtained from a commercial hatchery. Eggs were incubated under standard incubation conditions. At 10 d of incubation (doi), eggs were candled, and infertile eggs were removed. On 18 doi, all eggs were injected with the appropriate treatment using an automated in ovo injection system. Once all eggs were injected, they were transferred to hatching baskets and placed into the hatcher. On 21 doi, chicks were removed from the hatcher, counted, and weighed. Hatch residue analysis was conducted to determine infertile, early dead, mid dead, late dead, pipped, cracked, contaminated, and cull chick statuses of all unhatched eggs. Injecting L. acidophilus, even at a concentration as high as 10 6 cfu/50 μL, did not impact hatch residue analysis (P > 0.05). However, HF was significantly less for eggs treated with B. subtilis than for control eggs (P < 0.0001). For the non-injected control, HF was 91%, but as concentration of B. subtilis increased, HF decreased to as low as 1.67% for the 10 5 cfu treatment. Late deads, pipped, and contaminated egg percentages were higher, and chick BW was lower for B. subtilis treatment groups compared to controls. In conclusion, L. acidophilus and B. animalis but not B. subtilis, appear to be suitable candidates for in ovo injection as probiotics.
INTRODUCTION
Antibiotics have been used since the 1940s to sustain the overall health and well-being of animals (Consumers Union, 2014) . However, poultry consumers are concerned with the use of antibiotics, primarily due to the potential for pathogenic organisms to become resistant to antibiotics, which could negatively impact human health. Due to antibiotics being used for the production of food animals, producers are constantly being audited for the amount they utilize, and, in certain instances, the companies are required to completely eliminate the addition of antibiotics altogether (Vaz et al., 2010) . Therefore, certain poultry integrators are under C 2017 Poultry Science Association Inc. Received August 1, 2017. Accepted September 25, 2017. 1 This publication is a contribution of the Mississippi Agricultural and Forestry Experiment Station. 2 Corresponding author: akiess@poultry.msstate.edu immense pressure to find alternatives to antibiotics in an attempt to meet consumer's demand. One of the many alternatives that are currently being investigated is the use of probiotics. Probiotics are defined as a "live microbial feed supplement which beneficially affects the host animal by improving its intestinal microbial balance" (Fuller, 1989) . There are numerous studies demonstrating that when probiotic bacteria (Lactobacillus spp., Bacillus spp., and Bifidobacterium spp.) are added as a feed supplement growth and egg performance, as well as immune function, are increased in broilers and layers (Nahashon et al., 1994; Mead, 1997; Panda et al., 2008) . Salim et al. (2013) provided direct-fed microbial containing Lactobacillus reuteri, Bacillus subtilis, and Saccharomyces cerevisiae to broilers, and their results supported previous research but also revealed that E. coli colonization decreased in the gastrointestinal (GI) tract with probiotic supplementation. This finding is supported by the fact pathogenic bacteria prefer a neutral pH environment of around 7, whereas certain probiotic bacteria thrive in an acidic pH of about 5 (Holt et al., 2000) . Also, the results of Salim and colleagues (2013) are supported by the Nurmi concept, which states that when lactic acid bacteria (Lactobacillus spp. and Bifidobacterium spp.) are present in the GI tract, a decrease in pathogenic bacteria can occur due to a decrease in the pH of the intestinal lining (Pivnick and Nurmi, 1982) . Therefore, by introducing or maintaining probiotic bacteria in the GI tract of birds, not only will an increase in bird health and performance occur, but a decrease in pathogenic bacteria can be expected.
For over 20 years, in ovo technology has become a worldwide technology for the vaccination of broiler chicks against diseases such as Marek's (Sharma and Burmester. 1982; Johnson et al., 1997) . Multiple studies have determined that site of injection site is important in order for chicks to perform optimally (Johnston et al., 1997; Jochemsen and Jeurissen, 2002; Zhai et al., 2008 Zhai et al., , 2011 . Previous studies have concluded that the Inovoject system injects the vaccine into the amnion with 83.8% accuracy as compared to the ManualJect system with 36.1% amnion injection accuracy (Wakenell et al., 2002) . Jochemsen and Jeurissen (2002) established when substances are injected in the amnion, the embryo can then ingest and absorb the fluid into their digestive and respiratory systems. In the industry, the volume of vaccine injected is commonly between 50 and 100 μL and is primarily delivered into the amnion of broiler embryos (Merial Select Inc., Gainesville, GA). This delivery regimen provides optimum vaccine distribution.
In ovo technology has allowed the poultry industry to improve broiler health through early vaccination. A question that arises now due to the public's demand for the removal of antibiotics is "Can probiotics be administered to an embryo using the same technology that is currently available for vaccinations?" For the in ovo injection of probiotics to be successful, confirmation is necessary as to if these beneficial bacteria can negatively impact hatchability. Therefore, the objective of the current study was to determine whether or not probiotic bacteria can be injected into fertile broiler hatching eggs using commercial in ovo technology without impacting subsequent hatchability.
MATERIALS AND METHODS

Incubation
For each probiotic bacteria (Lactobacillus acidophilus, Bacillus subtilis, or Bifidobacterium animalis) tested, 2,940 eggs were obtained from a local broiler breeder facility. The eggs were collected from breeder hens at 38 wk of age. All eggs were stored at 20
• C for 3 d prior to setting. Abnormal or excessively dirty eggs were first removed; all remaining eggs were labeled with a treatment and egg flat (replicate unit) number. Each egg flat contained 42 eggs and each treatment was represented by 10 egg flats, for a total of 420 eggs per treatment. All egg flats containing labeled eggs for every treatment were weighed to obtain an initial average egg weight. Egg flats were randomly placed in a Jamesway incubator (Model PS 500; Jamesway Incubator Company Inc., Cambridge, Ontario, Canada), and each treatment was represented on each level within the incubator. The incubator dry and wet bulb temperatures were set at 37.5
• C ± 0.1 and 28.9
• C ± 0.1, respectively. At 10 d of incubation, eggs were candled and infertile, cracked, and contaminated eggs and those containing early dead embryos were discarded from the flat and replaced with fertile eggs. All procedures from the 3 trials were approved by the Institutional Animal Care and Use Committee of Mississippi State University. A 10% Lysol solution was used to clean and sanitize the incubator and hatcher between the 3 trials.
Bacterial Cultures
Overnight cultures of Lactobacillus acidophilus (American Type Culture Collection; ATCC 314; Experiment 1), Bacillus subtilis (ATCC 6051; Experiment 2), and Bifidobacterium animalis (ATCC 27,536; Experiment 3) were utilized for the injection process. L. acidophilus was cultured in DeMan Rogosa Sharp broth (MRS; Difco, Sparks, MD), B. subtilis in nutrient broth (Difco), and B. animalis in reinforced clostridial medium (Difco). L. acidophilus and B. animalis were cultured in an anaerobic environment, while B. subtilis was cultured in an aerobic environment. All bacteria were incubated at 37
• C using a VWR Signature General-Purpose incubator (Model 1535; VWR, Cornelius, OR) while on an Orbital Reciprocating Shaker (Thermo Scientific, Waltham, MA). All bacterial cultures were serial diluted and culture concentrations were verified before and after in ovo injection.
Treatments
All treatments were prepared on the d of injection by using a commercial sterile diluent that is routinely used to dilute vaccines for in ovo delivery (Merial Select Inc.) . The 7 applied treatments in each experiment included; 1) non-injected control (no injection), 2) dry punch control (injected without diluent delivery), 3) diluent-injected control (50 μL sterile diluent), 4) 10 3 colony forming units of the bacterium/50 μL of sterile diluent, 5) 10 4 cfu of the bacterium/50 μL of sterile diluent, 6) 10 5 cfu of the bacterium/50 μL of sterile diluent, 7) 10 6 cfu of the bacterium/50 μL of sterile diluent. One 800 mL sterile diluent bag was assigned to each treatment group. The bacterial treatments were differentiated by a 10-fold reduction among the 4 treatments to acquire a linear increase in bacterial concentration. The overnight bacterial cultures were centrifuged (Beckman Coulter, model J-68; Brea, CA) at 3,000 rpm for 5 min to obtain a pellet. The supernatant was aseptically removed and discarded. The pellet was re-suspended with sterile diluent corresponding to each specific treatment and aseptically mixed until thoroughly dissolved. Once the pellet was re-suspended, the treatment solution was aseptically dispensed into the corresponding 800 mL sterile diluent bag. Sterile diluent bags for each treatment were kept on ice until attached to the Inovoject machine (Zoetis, Florham Park, NJ) for treatment distribution.
Injection Procedure
To validate the injection procedure, sterile diluent (Merial Select Inc.) was introduced to each bacterium and was found not to impact growth over time (0 to 12 h). The inoculated diluent was also injected into sterile plastic oval cups covered with Parafilm M (Bemis Company Inc., Neenah, WI) to simulate a real egg. This process verified that the Inovoject system did consistently inject 50 μL of the inoculum containing the appropriate bacterial concentration into each egg.
On d 18 of incubation, 42 eggs at a time were injected using the Inovoject system. Eggs were injected at the top of the large end of the egg, into the amniotic sac. At a depth of approximately 2.49 cm the injection needles penetrated the shell and traversed the air cell, injecting diluent with or without inoculum in the amniotic sac (Keralapurath et al., 2010a,b) . Injection volume was set at 50μL to simulate the procedures set in the "Manual in ovo Vaccination Guide" by Embrex Inc. (2002) . The injection process was completed in the following order to ensure correct bacterial dosage across all treatments: dry punch, diluent-injected (50 μ L), 10 3 cfu, 10 4 cfu, 10 5 cfu, and 10 6 cfu of bacteria/50 μL All eggs from each treatment were injected simultaneously (10 flats per treatment; 6 treatment injections). All eggs were held outside the incubator for less than 8 min while being injected. Post injection, eggs were transferred into pre-labeled hatching baskets, and then placed into a Jamesway PS 500 hatcher. The hatcher dry and wet bulb temperatures were set at 36.9
• C ± 0.1 and 30
Embryo staging was also performed on d 18 of incubation. To complete this step, 3 extra random eggs from each incubator level were injected with 50 μL of coomassie blue dye sterile diluent mixture. Embryos, immediately after injection, were euthanized by CO 2 affixation. Eggs were then transported back to the laboratory to verify their stage of development and to insure that injections were effective according to the designations of Wakenell et al. (2002) .
Hatch
On d 21, all chicks and unhatched eggs were removed from the incubator. Chicks from each flat that hatched were counted and weighed to obtain hatchability of fertile eggs (HF) as well as average chick weight. The eggs that did not hatch were broken out to determine at what stage of embryonic development the embryo died. The stages recorded included: early dead (ED), middead (MD), late dead (LD), and pipped. The number of eggs that were cracked or contaminated was also recorded. Chicks and embryos were treated in accordance with the Guide for the Care and Uses of Agricultural Animals in Research and Teaching and were euthanized post sample collection by CO 2 affixation.
Microbial Analysis
One chick that hatched from each flat (total of 70 chicks) was individually weighed, and its meconium was expressed into a sterile Whirl Pak bag (Nasco, Fort Atkinson, WI) that was placed on ice until transportation back to the laboratory. At the laboratory, true meconium weight was obtained and then multiplied by 9 to determine the volume of phosphate buffered saline (PBS; 1X) that needed to be added to the meconium sample to create a 1:10 dilution. Each sample in a dilution bag was then placed into a Stomacher 400 Circulator (Seward, Worthing, West Sussex, UK) for 1 min at 230 rpm. After mixing, samples were serial diluted in 1X PBS, and 100 μL was spread plated onto DeMan Rogosa Sharp agar to obtain lactic acid producing bacteria counts, Mannitol Yolk Polymyxin agar to obtain Bacillus spp. counts, or Bifidus Selective Medium agar to obtain Bifidobacterium spp. counts. Plates were placed in a low temperature Thermo Scientific incubator (model 315) at 37
• C for 24 or 48 h, depending on each individual bacteria's growth requirement. The plates from the L. acidophilus and B. animalis experiments were placed into an anaerobic environment, whereas the Mannitol Yolk Polymyxin plates from the B. subtilis experiment were incubated in an aerobic environment. After the incubation period, plates were examined for the following colonies; white/opaque colonies on DeMan Rogosa Sharp representing lactic acid producing bacteria, yellow colonies on Mannitol Yolk Polymyxin representing Bacillus spp., and red/purple colonies on Bifidus Selective Medium representing Bifidobacterium spp.
Statistical Analysis
Data were analyzed using a randomized complete block design. Level of the incubator represented blocks (Steel and Torrie, 1980) . The GLM statistical procedure of SAS was used and the means were separated with Fisher's protected least significant difference. The means were considered significantly different at P ≤ 0.05.
RESULTS AND DISCUSSION
Although the concept of injecting competitive exclusion cultures into fertile hatching eggs has been practiced for some time (Cox et al. 1992 ; Meijerhof and Hulet, 1997), research pertaining to the automated in ovo injection of specific probiotic bacteria and determining their impact on hatchability is limited. Not until recently has research been conducted that evaluates the use of proper techniques for injecting specific probiotic bacteria into the broiler hatching eggs (de Oliveira et al. 2014 ). More recently, researchers have employed the use of an automatic injection system for the delivery of prebiotics and probiotic bacteria, but their focus has been mainly on understanding the impact it has on the immune system rather than on hatchability (Madej et al. 2015; Ploweic et al. 2015; 2016) . In the current study, multiple probiotic bacteria with different modes of action, were evaluated for their impact on hatchability characteristics when using a multi egg automated injection system. The results of this work identified differences in the percentages of HF, MD, LD, pipped, and embryonic mortalities. Furthermore, the percentage of contaminated eggs, mean chick weight, and the log cfu from meconium were evaluated among the 3 bacterial experiments. Within the L. acidophilis and B. animalis experiments no statistical differences for HF were detected; however, in the experiment in which B. subtilis was injected, HF was drastically reduced. All concentrations of B. subtilis injected negatively affected HF when compared to the control treatments (91, 88, 77, 34, 6.4, 1.7 , and 48%, respectively; Figure 1 ). These results could be due to the fact that Bacillus is a spore forming microorganism and sporulation requires nutrients which are vital for hatch. Cartman et al. (2008) , determined that B. subtilis spores can germinate in the chicken gastrointestinal tract which is beneficial for chick growth. Paidhungat and Setlow (2002) , described the mechanism of sporulation and how Bacillus requires certain nutrients such as asparagine, fructose, potassium, and glucose. However, other studies have also proven that during the later stages of development, the embryo also requires glucose to stimulate hatching (Freeman, 1965; John et al., 1987; Christensen et al., 2001) . B. subtilis also secretes bacteriocins and enzymes. Bacteriocins disrupt bacterial cell membranes to reduce competition, and the enzymes such as proteases, amylase and cellulose are used to break down nutrients such as carbohydrates, proteins, and lipids (Sonnenschein et al., 1993; Moll et al. 1999; Garcia, 2008) . These byproducts of B. subtilis could also be impacting the embryo by preventing hatch. These results suggest that between sporulation, the secretion of byproducts and nutrients required for hatch there is competition between the embryo and B. subtilis which may result in a reduced hatch. Ultimately, further research is essential to determine exactly what may be driving the decrease in hatchability in fertile eggs injected with the strain of B. subtilis used in this study.
In all 3 experiments, treatment differences for the percentage of MD embryos were observed. Fertile hatching eggs injected with L. acidophilus and B. subtilis had a higher percentage of mid dead embryos in the diluent-injected control eggs when compared to the 10 4 cfu-injected treatment groups (0.48 compared to 0.0%, respectively). For B. animalis, the 10 3 cfu-injected treatment had a higher percentage of mid dead embryos when compared to all other treatments (1.19 compared to 0.26, 0.0, 0.48, 0.0, 0.24, and 0.24%, respectively; Figure 2 ). Although differences were found for the percentage of mid dead embryos in the L. acidophilus and B. subtilis experiments they did not average outside of the expected mid dead range for a breeder flock at peak production (Tullet, 2009). The higher percentage of mid dead embryos detected for the 10 3 cfu-injected treatment of B. animalis was unexpected and could have been due to a candling error or a poor incubational environment within a particular region in the incubator, since the embryos died before treatments were applied.
The injection of L. acidophilus or B. animalis did not impact the percentage of late dead embryos, however, B. subtilis did significantly increase the percentage of late dead embryos. The percentage of late dead embryos increased as the concentration of B. subtilis increased between the first 3 of the 4 concentrations (33, 55.5, and 58.6%, respectively) Figure 3 . Although the highest concentration of B. subtilis did not follow the same trend as the lower concentrations, the percentage of late dead embryos for all bacterial treatments was still numerically higher as compared to the negative controls. Since no differences in the percentage of early dead embryos were detected for any bacterial experiment, the percentage of late dead embryos that were injected with B. subtilis again is most likely due to either nutrient competition or the production of bacteriocins and enzymes, which ultimately leads to embryo mortality before hatch. When compared to the negative control group, the injection of Lactobacillus did not increase the percentage of dead pipped chicks. Injecting d 18 embryos with the intermediate or highest (10 4 or 10 6 cfu) concentrations of B. animalis increased the percentage of dead pipped chicks when compared to the dry punch or diluentinjected controls (6, 3.3, 2.4, 2.9, 8.8, 6.4, 8.3%, respectively) . Differences were also detected in the percentage of dead pipped chicks from eggs injected with B. subtilis. The percentage of dead pipped chicks drastically increased when they had been in ovo injected with Bacillus in comparison to the negative controls (0.7, 1.6, 2, 24, 37.4, 36, 23.6%, respectively) (Figure 4 ). This increase in the percentage of pipped chicks injected with either B. animalis or B. subtilis may be a result of an insufficiency of required energy. It has been reported that broilers that had been in ovo injected with synbiotics (the combination of a prebiotic and probiotic bacteria) had higher spleen/bursa ratios (Madej et al. 2015) . This increased ratio, suggests that an increase in B-cell population occurred which is associated with a stimulated immune system. By stimulating the immune system early, it is possible for birds to be protected from other diseases later in life. However, the immune system requires energy, and certain bacteria such as B. animalis and B. subtilis may elicit a stronger immune response than other probiotic bacteria (L. acidophilus). If this occurs, the energy demand from embryos injected with B. animalis and B. subtilis may be too great, resulting in embryonic mortality during the pipping stage of development.
When compared to the controls the injection of L. acidophilus did not significantly increase the percentage of contaminated eggs. However, when compared to the negative controls, the injection of B. subtilis and B. animalis increased the percentage of contamination in eggs. Also, in comparison to non-injected and diluentinjected eggs, Bacillus injected at 10 3 and 10 5 cfu/50 μL increased egg contamination by 0.48 and 1.7%, respectively. When compared to the non-injected controls, B. animalis injected at 10 4 , 10 5 , and 10 6 cfu/50 μL resulted in significant increases in the percentage of contaminated eggs (1.2, 1.2, and 1.4%, respectively) ( Figure 5 ). Egg contamination can occur regardless of the precautionary measures taken prior to and during incubation, but introducing bacteria (although not pathogenic) into the egg still caused an increase in the percentage of contamination. If the bacteria secrete enzymes, like proteases, which breakdown proteins or lower the pH within the egg, this can lead to bacterial proliferation and ultimately contamination and rot (Haines, 1938) . In the case of B. animalis and B. subtilis, both possible mechanisms for contamination may apply, which may have led to the higher percentage of contamination detected.
A previous study (Bhanja et al., 2007) has shown that when broiler eggs are injected with Vitamin E, mean chick weight is not affected, however, in the current study, when compared to the negative controls mean chick weight was reduced by the in ovo injection of L. acidophilus or B. animalis. Embryos that received no in ovo injection subsequently had significantly higher average weights at hatch when compared to embryos that were injected with 10 4 and 10 5 cfu/50 μL of L. acidophilus (42, 40.6, and 40.4 g, respectively) . Embryos injected with 10 5 and 10 6 cfu/50 μL of B. animalis subsequently had reduced weights at hatch when compared to embryos belonging to the non-injected control group (41.6, 41.6, and 43.2 g, respectively) ( Figure 6 ). As has been demonstrated throughout this manuscript, probiotic bacteria may still impact chick quality in various minor ways. Although a difference in hatchability was not detected for eggs that received L. acidophilus or B. animalis injections, they may still have experienced slightly reduced or altered egg nutrients that led to lower growth and ultimately a lighter hatching weight. Even if this is the case, further research focused on growth performance needs to be conducted. Even if chicks in ovo injected with a probiotic are lighter at hatch, that does not mean they cannot undergo growth compensation in the grow-out facility and even outperform chicks that did not receive in ovo probiotics. Research that determines how chicks that are in ovo injected with probiotics resist disease challenges in the grow-out facility is needed. If either of these outcomes are plausible, the poultry integrator may accept a lighter chick at hatch in order to obtain a higher performing, healthier broiler at processing. Meconium sample results were not significantly different among all treatments in the L. acidophilus and B. animalis experiments. It is worth noting that embryos injected with 10 4 , 10 5 , and 10 6 cfu/50 μL of L. acidophilus yielded 5.5, 5.3, and 5.6 log cfu lactic acid producing bacteria/mL, respectively. However, in the non-injected negative control the concentration of lactic acid producing bacteria were 2 logs less (3.5 log cfu/mL). Embryos injected with 10 6 cfu/50 μL of B. subtilis also had significantly higher mean log counts as compared to the non-injected treatment (8.85 and 3.81 log cfu/mL, respectively) Figure 7 . Although bacterial concentrations in the highest cfu treatment groups for all 3 experiments were numerically greater than the non-injected control group, it is worth mentioning that in all experiments naturally occurring bacteria were isolated from the control treatments. This finding is not surprising, since several studies have observed that bacteria colonize the reproductive tract of poultry (Barnhart et al. 1993; Miyamoto et al., 1998 and Buhr et al. 2002; van Collie et al. 2006) . If each of the bacteria evaluated in these 3 experiments were represented in the reproductive tract of the hens that laid the eggs incubated, then it is highly probable, that through vertical transmission, the offspring would contain the same bacteria we isolated.
In conclusion, L. acidophilus and B. animalis can potentially be injected into the amnion of 18 d fertile broiler hatching eggs with the use of an automated commercial multi egg injection system without impacting hatch of fertile. This conclusion is supported by the fact that eggs injected with L. acidophilus and B. animalis did not impact hatch of fertile. However, precaution should be taken when administer B. animalis at high concentrations due to the higher percentage of dead pipped chicks and contaminated eggs at concentrations of 10 5 and 10 6 cfu/mL. The contrary was true for L. acidophilus where hatchability, late dead, dead pipped chicks, contaminated eggs, and mean log counts were optimum when compared to their controls.
For the strain of B. subtilis used in this experiment, it was determined to be unacceptable for in ovo injection of broiler breeder hatching eggs, because it negatively impacts almost all facets of hatchability. These findings may be a result of competition for nutrients or the secretion of byproducts like bacteriocins, enzymes and more specifically 2,3 butanediol, which has been found to be toxic to biological systems by damaging the immune and central nervous system (Sonnenschein et al., 1993; Moll et al. 1999; Ramos et al. 2000; Garcia, 2008; Lai et al. 2012) . However, more research that evaluates other serotypes of Bacillus is necessary before a true recommendation can be made as for its use with an automated commercial multi egg in ovo injection system.
